Abstract-We have fabricated a high-density 1.5-μm quantum dot photodetector for advanced optical fiber communications and have found unique optical properties, including avalanche multiplication. The structure of the absorption layer had stacked InAs/InGaAlAs layers with a high density of 1 × 10 12 cm −2 , which consisted of strained 1.5-μm InAs quantum dots and a strain compensation layer of InGaAlAs. A three times larger absorption coefficient than the InGaAs layer, an avalanche multiplication effect, and a low dark current are reported with InAs quantum dot conditions.
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I. INTRODUCTION

F
OR the applications of quantum dot (QD) emission devices, such as QD lasers and QD SOAs, a low threshold current, temperature stability, a high modulation bandwidth, a low chirp, and a fast response can be achieved because the quantum confinement in a QD is in all three dimensions [1] . The QD lasers and SOAs are available for industrial applications [2] , [3] . In contrast, it is well known that QD technologies are applicable for photodetection devices, such as high-efficiency solar cells [4] , [5] . The intermediate band (IB) between the valence band (VB) and conduction band (CB) plays a role in improving efficiency. In a high-density QD superlattice, the IB can be formed by electron coupling between QDs, and the dispersed energy level in the QD can be recognized in the IB. The carrier in the VB is excited to the IB by photoenergy and jumps to the CB by absorbing additional photoenergy. A high photocurrent and high conversion efficiency can be expected from the IB process [6] .
On the other hand, P. type II superlattice QD (InAs/GaAs) infrared photodetector (QDIP), which are expected to compete with the performance of the HgCdTe photodiode in the infrared region [7] . Advantages such as low dark current, high detectivity, and high-temperature operational stability can be utilized for comparison with the general photodetectors of the HgCdTe alloy and type II superlattice quantum well infrared photodetector (QWIP). This is because the wave function could be confined in a 3-D tiny structure when replacing the quantum wells with QDs in a QW structure. The detectivity, which is proportional to a signal (photocurrent) to noise (dark current) ratio, could be increased because of the low dark current in QDs. The operational temperature was higher than other types of photon detectors. However, the researchers pointed out technical issues on the large various and inhomogeneous QD size, which implied reduction of the absorption coefficients. Therefore, improving QD uniformity was a key issue in increasing the absorption coefficient and the detector performance. We developed 1.0-1.3-μm and 1.5-μm InAs-based QD crystal growth technologies with high density and good uniformity and applied them to photoemission devices [8] - [10] . By introducing a strain compensation technique to strained InAs QDs, QD layers can be stacked with a high density of 2 × 10 13 cm −2 . The InAs-based QD active layers were mainly applied for photoemission devices, such as laser diodes and optical amplifiers. In this study, we have applied a 1.5-μm InAs QD active layer with high density for a high-responsivity photodetector in optical fiber communications and mainly characterized the optical properties.
II. FABRICATION OF 1.5-μm STRAINED QUANTUM DOTS AND PHOTODETECTORS
The fabrication of semiconductor QDs was accomplished by using the self-assembly method in lattice-mismatched material systems on the basis of the Stranski-Krastanow (S-K) growth mode [11] . In this process, initial 2-D growth transforms into 3-D growth. The confined carriers in the 3-D tiny structure can be used for high-performance optical devices, such as QD lasers. Our typical QD structure consists of an InAs-stacked QD structure and a spacer layer of InGaAlAs and has 4-ML InAs QDs and 20-nm-thick InAlGaAs spacer layers grown on n-InP(311)B substrates. To control the photoluminescent (PL) emission peak wavelength of 1600 nm, the InAs QDs have high tensile stress. To obtain high-quality epitaxial films on the strained InAs QDs in the QD system, the InGaAlAs spacer layer with compressive stress was grown on the strained InAs QDs to compensate for the lattice strain. In a conventional InAs QD growing technique without strain compensation, threading dislocations in the multilayer structure of InAs self-assembled QDs are generated. In that case, multistacking over ten layers seems difficult [12] , [13] . In 2011, we developed a strain compensation technique for highly stacked and ultra-high-density InAs QDs. The number of stacked layers could be increased to 300, and the density of the QDs reached 2 × 10 13 cm −2 [14] . In this experiment, 4-ML InAs QDs and 20-nm-thick InAlGaAs spacer layers were grown consecutively in stacks of 20 cycles. The total thickness of the stacked QD active layer was 400 nm. The PL emission peak at room temperature at wavelengths of 1200-1800 nm was shown in Fig. 1 for the 20 stacked QD layers. The wavelength of 1600 nm peaked, and the peak broadening was observed at the center wavelength of 1500 nm. We think that the peak results from minibands in the IB of the QD. Fig. 2 shows the schematic cross-sectional view of a PIN structure using a highly dense QD absorption layer. An intrinsic active region has a 400-nm-thick layer with a high QD density of 1.3 × 10 12 cm −2 and is sandwiched by a 2-μm-thick InAlAs P + cladding layer and a 0.5-μm-thick InAlAs N + cladding layer formed by molecular beam epitaxy (MBE). To investigate the illuminated responsivity parallel or perpendicular to the QD layer, a photodetective sample with a large active area of 0.5 mm × 1 mm was fabricated and used for both the surfaceilluminated responsivity and the edge-illuminated responsivity. Another sample having a small active area with a 14-μm di- Fig. 3 . Picture of the fabricated QD photodetector with 14-μm diameter and GSG electrode ameter was also fabricated to estimate the dark current and photocurrent and the frequency response by using a common photolithography process and wet chemical etching, as shown in Fig. 3 . A passivation film and guard-ring structure was not employed in the device structure to reduce the dark current. The ground-signal-ground (GSG) electrodes were designed to measure the frequency response.
III. RESULTS AND DISCUSSION
A. Absorption Coefficient
The responsivity of the QD photodetector was compared with that of the conventional material of InGaAs. As a first step, the responsivity with a 400-nm-thick InGaAs bulk absorption layer was cross-checked between the calculated and experimental values. The responsivity (R) was defined by the internal quantum efficiency and photoenergy eq. (1). The internal efficiency (η in ) can be calculated by the physical parameters of the semiconductor, such as the P/N/intrinsic layer thickness, carrier recombination rate, and diffusion length. However, it is mainly defined by the material absorption coefficient (α) and the intrinsic layer thickness (t i ), as shown in eq. (2) . By assuming that α = 1 × 10 4 cm −1 at 1550 nm, t i = 400 nm, and a cutoff wavelength (λ g ) of 1650 nm, the spectral responsivity and quantum efficiency were calculated in the wavelength range from 1500 to 1700 nm.
where λ is the wavelength, h is the Planck constant, c is the speed of light, and t p is the p-region length in the intrinsic layer. In contrast, a PIN-type photodetector was fabricated with a 400-nm-thick InGaAs bulk absorption layer, and the responsivity was measured at 1550 nm. This experimental result was in good agreement with the aforementioned calculation. Next, the average thickness of the 4-ML InAs QDs was estimated by using atomic force micrograph (AFM) measurement. The QD size indicated was 5 nm, and a 1.2-nm average thickness was estimated in each layer. Therefore, the total thickness in the 20 stacked InAs QD layers was expected to be 24 nm (see Fig. 4 ). In this case, the possibility of 1550-nm photoabsorption in the spacer layer of InGaAlAs can be ruled out because of a large bandgap. The calculated R and η in for 24-nm-thick InGaAs bulk were indicated as 0.015 A/W and 1.2% at 1550 nm, respectively, and values that were three times higher, 0.055 A/W and 4.4%, respectively, were measured for the 20 stacked InAs QD layers, as shown in Fig. 5 . We speculate that it may be related to QD effects in intermediate band model [15] , [16] . This suggests that the InAs QD absorption layer had an absorption coefficient (3α) that was three times that of InGaAs. The high absorption coefficient of 3α would be effective to reduce the absorption layer thickness of 1/3.
B. Surface-Illuminated Responsivity
Three samples were fabricated under different QDs growing conditions, and the surface-illuminated responsivity was investigated. The conditions for QD preparations-the InAs QD size (S D ), the InAlGaAs spacer thickness (T s ), the number of stacked InAs/InGaAlAs layers (N s ), and the total thickness of the QD layer (T t )-are shown below. Sample A had the following parameters: T t = 400 nm (S D = 5 nm, T s = 20 nm, N s = 20). Sample B had the following parameters: T t = 360 nm (S D = 4.9 nm, T s = 18 nm, N s = 20). Sample C had the following parameters: T t = 270 nm (S D = 4.9 nm, T s = 18 nm, Ns = 15 nm). The relative responsivity is shown in Fig. 6 and is normalized by the maximum value in sample A. For sample A, the relative responsivity was obtained with a maximum value at 1510-1530 nm wavelength and became 1/5th of the relative responsivity at 1630 nm. Sample B had a 2-nm-thinner InGaAlAs spacer layer thickness and a 0.2-nm-smaller InAs QD size than sample A, and the stacked layer number was the same. Sample C had the same QD size as sample B but had a smaller number of stacked layers than sample B. In the results, the responsivity was obviously affected by the total volume fraction of InAs QDs (QD size and layers products) and not affected by the spacer layer thickness. We think that the formation parameters of the QD, such as the density and the uniformity, which are related to the total volume fractions, would be key issues for the high responsivity in surface illumination.
C. Edge-Illuminated Responsivity
For photodetectors with thin absorption layers, edge illuminations effectively increase the responsivity in general [17] - [19] . In Fig. 7 , resulting from sample A, a high R of 0.48 A/W (η in of 49%, from eq. (1)) at 1550 nm could be achieved under the low optical fiber coupling condition of 10-20%, where η in considered the reflectance of 30% from the edge surface. When coating antireflective (AR) films on the edge surface, 0.6 A/W of the responsivity could be increased from 0.48 A/W for the cleaved edge. The responsivity of samples B and C indicated relatively lower responsivities of 0.47 A/W and 0.44 A/W, respectively, than 0.48 A/W in sample A. Furthermore, improvement in the fiber coupling efficiency is expected by introducing an optimum ridge-waveguide structure and a spot size converter. At η in = 100%, the maximum responsivity becomes 1.25 A/W at 1550 nm.
The variation in the spectral responsivity in the wavelength range of 1510-1630 nm was small, within ±4% in Fig. 7 as compared with the variation in Fig. 6 . This is related to the effective QD volume fraction in an incident light wave area, as mentioned in Section III-B. Because the photo absorption would be concentrated near the edge (surface), and the photo-intensity would be decreased as a function of exp (-αd), (where α: absorption coefficient, d: distance from surface). The bulk absorption thickness would be sensitive for the responsivity near the cutoff wavelength in our calculation, and the responsivity at 1600 nm strongly depends on the total volume fraction of the QD resulting from Fig. 6 . The volume fraction of the large QD in edge illumination could be preserved as compared with the surface illumination. Another possible reason is related to the polarization of the strained InAs QDs, but it was inconsistent with small polarization dependence against the surface illumination. A detailed analysis should be conducted to study this issue.
D. Avalanche Multiplication
For a photodetector with a small p-n junction in Fig. 3 , the I-V curve was measured as shown in Fig. 8 . Despite having a structure without a guard ring, the photodetector was shown to have an extremely low dark current of 1 nA up to the reverse bias voltage of −20 V and a high breakdown voltage of −28 V at 100 μA. To investigate the low dark current, the temperature dependence of the dark current with bias voltage was characterized. In general, the total dark current (I d ) is composed of four terms described as follows:
where I dif is the diffusion current from the minority carrier in the p-n junction, I gr is the generation recombination current due to the crystal defects in the depletion layer, I tun is the tunneling current, and I suf is the surface leakage current. I suf has no temperature dependence, and I tun is generated and depends on the temperature at high voltage. I dif and I gr depend on the temperature to be proportional to exp(-E g /1 kT ) and exp(-E g /2 kT ), respectively, where Eg is the energy bandgap, T is the temperature, and k is the Boltzmann constant. Therefore, the origin of the dark current in the QD photodetector can be predicted from the Arrhenius plot in the T -I d curve at a low bias voltage. In the results, we obtained an n factor of 1.2 in exp(-E g /nkT ) from the Arrhenius plot (see Fig. 9 ). This suggests that the major dark current in the QD layer was generated by diffusion current, which is the minority carrier in the p-n junction. Additionally, this fact suggests that the 20 stacked layers with strained InAs QDs and an InGaAlAs spacer layer system have high crystal quality with very few defects and a strain-free condition. Because the high-crystal-quality InAs QDs are covered with the large bandgap material of InGaAlAs (∼1.1 eV) and were sandwiched by a larger bandgap material of InAlAs (∼1.5 eV), we think that a low dark current at voltages of as low as −20 V could be obtained. From the carrier confinement in 3-D tiny structures in the QD system, the large temperature dependence of the dark current was inconsistent with the reported prediction [7] . Although the carriers in the miniband for a QW infrared photodetector are thermally excited because of a small bandgap below 100 meV, it would be reduced in QD-IP. On the other hand, the generated dark current was caused by diffusion current in the p-InAlAs/i-(InAs/InGaAlAs)/n-InAlAs system. We think that the dark current generation mechanism between our system and QD-IP is different. The large bandgap (E g ) material has a great advantage for a high breakdown voltage (V B ), which is scaled with Eg 3/2 . The temperature dependence of the breakdown voltage (V B ), which was defined by a dark current point of 10 μA, was estimated in the range of 20-80
• C (see Fig. 10 ). V B varied from 27.8 to 28.5 V in the measurement. The ratio (Δ V T ) of the temperature coefficient against the breakdown voltage in an InAs/InGaAlAs system then exhibited a lower value (0.03%/
• C). This should be the smallest number among previous reports in an InAlAsbased superlattice avalanche photodiode (APD) and InGaAsbased APD [20] .
By increasing the bias voltage from 20 to 28 V, the avalanchemultiplied photocurrent (I photo ) could be clearly observed, as shown by the "photocurrent" line in Fig. 8 , where a photocurrent of 10 μA can be set by adjusting the optical input power at a low bias voltage. Fig. 11 shows a plot of the multiplication factor (M) versus the dark current (I d ) at room temperature. A bit error rate (BER) in optical fiber communications should be affected by the high multiplied dark current (I dm ) in APD. I dm , which could be roughly estimated from the intersection in the I d −M curve [21] , indicated a value of approximately 40 nA (below 100 nA at most). Assuming I photo = 1 μA, M = 10, I dm = 40 nA, and a bit rate of 100 Gbps for the nonreturn-to-zero (NRZ) format, a minimum (BER) penalty as low as 0.4 dB was observed.
The high gain is created by carriers experiencing impact ionization in the multiplication region to amplify the input optical signal. The internal electric field in the intrinsic layer at room temperature was simulated for the analysis of the avalanche multiplication effect in the QD photodetector. A high electric field over 600-700 kV/cm in an avalanche multiplication layer would be commonly required for APDs [22] , [23] . Assuming a simulation model that had the 20 stacked InAs quantum disks and an InGaAlAs spacer layer between p-InAlAs and n-InAlAs layers, the internal electric field was simulated in the reserve bias voltage range from +5 to +30 V. A positive bias was applied to the N electrode (n-InAlAs side), and the P electrode was grounded. Increasing the bias voltage up to 20 V, the partially emphasized electric field of 700 kV/cm from 20 V in the structure can be observed, as shown in Fig. 12 . In this figure, the zigzag profile on the electric field could be caused by the breakdown voltage for InAs (low V B ) / InGaAlAs (high V B ). This simulated result is consistent with the experimental results in Fig. 8 , which exhibits the avalanche multiplication starting voltage of 20 V. In contrast, the maximum electric field was limited to under 400 kV/cm at 20 V for a conventional material of InGaAs bulk having a smaller energy band gap when replacing the QD layer. From the results, the QD system works well for an avalanche effect and emphasizes the internal electric field. We think that the carriers are drifted from the IB to the CB in a steep band diagram at a voltage over 20 V, and electrons start to impact ionize when the electric field in the CB becomes sufficiently high (over 600 kV/cm). The electron ionizations occur as the electrons are transported into the multiplication region toward higher electric field.
IV. CONCLUSION
We have fabricated a 1.5-μm QD photodetector applied for advanced optical fiber communications. Introducing the strain compensation technique to the strained InAs dots, high QD density (1 × 10 12 /cm 2 ), and multistacked QDs with high crystal quality could be formed on InP (311)B substrates and were characterized in terms of responsivity and other related properties. In the results, a three times higher absorption coefficient than that of the conventional material of InGaAs has been expected in the QD system. A quantum efficiency of 49% was achieved from the edge illumination, and the responsivity with the AR coating could be expected over 0.6 A/W. The QD volume (density) could be recognized as a key factor to emphasize the responsivity. A low dark current of 1 nA at 20 V and an avalanche multiplication factor of 12 at 27.8 V have been observed and analyzed from a small photodetection sample. We believe that the QD system will be a great candidate for a highspeed photoreciever in advanced optical fiber communications.
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